The growth responses of 33 strains of cellulolytic butyrivibrios, isolated from the rumens of sheep fed on low-protein teE hay diets, to various combinations of volatile fatty acids (VFA) have been determined. Propionate alone was generally retardatory to the acetate-utilizing strains whilst acetate was stimulatory .
INTRODUCTION
The anaerobic, Gram-negative, butyric acid-producing, curved rods which occur in the rumen of cattle and sheep were described by Bryant & Small (1956)~ who established the genus Butyrivibrio to accommodate this group of bacteria. Only a single species, Butyrivibrio Jibrisolvens, was defined. These bacteria appear to be among the most common in the rumens of cattle and sheep fed widely different diets (Hungate, 1950; Bryant & Small, 1956; Shane, Gouws & Kistner, 1969) . They have also been isolated from wild ruminants (Hungate, Philips, McGregor, Hungate & Buechner, 1959) . Despite the fact that only a small proportion of isolates obtained from non-selective media bring about a detectable solubilization of cellulose in vitro (Bryant & Small, 1956; Hungate, 1966 ; Latham, Sharpe & Sutton, 1 9 7 1 )~ they have been found to be among the predominant cellulose digesters in cattle and sheep on poor hay diets (Hungate, 1957; Shane et al. 1969; van Gylswyk, 1970) .
The characteristics of the Butyrivibrio isolates so far studied in detail vary much, and the classification of the genus is not very satisfactory. The characteristics of 17 of the 48 isolates studied by Bryant & Small (1956) differed not only from the type species, but so widely from each other that the authors found it impractical to define further species. Hungate (1966) proposed a second species, Butyrivibrio alactacidigens, for strains which do not produce lactic acid in the fermentation of carbohydrate. Shane et al. (1969) 
and group 2, containing isolates which produced acetate with low lactate and high formate levels. The group I isolates were closely related in their characteristics and differed only in minor respects from B.Jibrisolvens (Bryant & Small, 1956 ). None of the group I or 2 isolates could be identified with B. alactacidigens (Hungate, I 966) .
Van Gylswyk (1970) showed that supplementation of low-protein teff hay with branchedchain volatile fatty acids (VFA) gave an increase in the numbers of cellulolytic ruminococci without a concomitant rise in the number of cellulolytic butyrivibrios. The results of earlier workers (Bryant & Small, 1956; Gill & King, 1958; Lee & Moore, 1959) indicated that the latter have no requirement for branched-chain VFA. However, most of the work was on acetate-utilizing strains only and no information was available on the effect of branched-chain acids on growth rate. It was felt desirable therefore to investigate more fully the effects of VFA on the growth response of butyrivibrios. The straight-chain acids were included in this study in view of the findings of Bryant & Robinson (1962) that acetate is generally important for the nutrition of many species of rumen bacteria.
A chemically defined medium which allows as good growth as a rumen-fluid medium is a prerequisite for such a study, since otherwise stimulatory effects which may operate in the rumen could well be missed. Previous workers showed that some strains of Butyrivibrio can be grown in semidefined or defined media (Bryant & Small, 1956; Gill & King, 1958; Lee & Moore, 1959; Bryant & Robinson, 1962; 1963; Shane, 1966) . However, most of these were acetate-utilizing strains which are less fastidious in their nutritional requirements than the acetate-producing butyrivibrios (Shane, 1966) . Furthermore rumen fluid was stimulatory in all cases, indicating that the media were not optimal. Because of these findings it was decided to design a defined medium which would support as dense and as rapid a growth as a rumen-fluid medium.
M E T H O D S
Bacteria. Thirty-three strains of cellulolytic butyrivibrios were used. All strains were isolated from the I O -~ to I O -~ dilutions of rumen contents of sheep fed on a diet consisting mainly of low-protein teff hay. Strain s7 was isolated in 1962 by L. Gouws (unpublished results). All the strains with code numbers ce and cxs were isolated in 1963 (Shane, 1966; Shane et al. 1969) . Strains I I and 12 were isolated in 1965 and the remaining strains in 1966 (van Gylswyk, 1968 (van Gylswyk, , 1970 .
Maintenance medium. Cellobiose-rumen fluid agar medium (0.5 %) was prepared as described by van Gylswyk & Hoffman (1970) .
Design of a chemically defined 'complete' medium. An attempt was made to formulate a chemically-defined medium to support the growth of all the cellulolytic species thus far isolated from sheep fed on teff hay. The qualitative composition of the medium was based on information abstracted from the literature. To eliminate growth inhibition or retardation due to imbalances, the concentrations and proportions of the components were based on their concentrations in rumen fluid, the extent of their utilization from media containing rumen fluid, or the chemical composition of rumen bacteria (Table I) .
Culture media for general nutritional requirements. A basal medium (I) consisting of minerals, cellobiose, sodium bicarbonate, cysteine HCl . HzO, dithiothreitol and indigo carmine was prepared using the concentrations given in Table I . Stock mixtures of vitamins, straight-chain VFA, branched-chain VFA, purines and pyrimidines, ammonium sulphate and amino acids were prepared and added to the basal medium to give all desired combinations of nutrients. Final concentrations were always as shown in Table I . Where rumen fluid was used, this was filtered (Millipore GS membrane) and added to give a final concentration Culture media for VFA requirements. A basal medium was prepared containing all the nutrients listed in Table I , except the VFA and branched-chain amino acids. Portions (5 ml) of stock solutions of the sodium salts of acetic (30 mmole/l), propionic (10 mmolell), isobutyric, n-valeric, iso-valeric and 2-methyl butyric (0.02 mmole/l each) acids were mixed to give the desired combinations, and made up to I 1 with basal medium. The resulting media were then gassed and distributed as described above.
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Anaerobic techniques and preparation of washed cell suspensions. These were as described by Roche, Albertyn & Kistner (1973) . For each experiment a fresh inoculum was prepared.
A cell suspension (0.1 ml) was injected into 10 ml of test medium. Measurement of growth. The inoculated media were incubated at 38 "C and the extinctions were read directly on the I oz McCartney bottles (previously matched) at 578 nm at 24 h intervals. The light path length was approximately 24 mm.
Microscopic examination. All positive tests were checked microscopically, using Gramstained smears, for the absence of contamination.
Expression of results. In assessing growth the maximum extinctions attained and the time taken to reach them were taken into account.
In describing the various responses of micro-organisms to nutrients, different authors have used certain terms with different meanings. We shall describe nutrients as ' stimulatory '
when their addition reduces the time required by the culture to reach peak growth, without affecting the final population density, and as ' retardatory ' where their addition prolongs this time.
R E S U L T S
Growth response to major groups of nutrients To check whether the medium formulated in Table I allowed good growth of the cellulolytic butyrivibrios, a few selected group I and group 2 butyrivibrios were inoculated into the 'complete' defined medium (Table I ) and also into a series of media from which various combinations of classes of nutrients had been omitted. Two non-defined, habitat-simulating media, which were assumed to meet all nutritional requirements of the test organisms, were included for comparison. Medium B consisted of the basal medium (I, Methods) plus (NH,),SO, and 40 % (v/v) rumen fluid, whilst medium A contained all the nutrients listed in Table I plus Tables showing all the media used and the complete set of results obtained are available on request from the authors; only the more significant observations are stated here.
Group I butyrivibrios. The four group I strains tested (12, 20, 24 and C E~I ) grew well in medium B. The peak extinctions attained were between 1.0 and 1.5 for strain 20 and > 1-5
for the other strains, and were reached within 24 h of inoculation. Simultaneous addition of the remaining groups of nutrients (medium A) did not improve growth. The simplest of the defined media tested which supported growth of all four strains contained the basal medium plus vitamins and either (NH&S04 (medium JN) or amino acids (medium JA). Growth on these media was poorer than on medium B; the maximum extinction was lower and was reached after a longer incubation period. When, however, both (NH4)2S04 and amino acids were added to the basal medium plus vitamins (medium JAN), growth was as good as on medium B. Contrary to expectations, addition of branched-chain VFA to medium JN did not improve growth but caused marked retardation of growth and, except in the case of strain C E~I , some inhibition. The retardatory and inhibitory action was also noted when
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branched-chain VFA were added to medium JA and, to a lesser extent, to medium JAN. Further addition of straight-chain VFA reversed the deleterious effect of the branchedchain VFA to a greater or lesser extent. For example, in three of the four strains addition of straight-chain as well as branched-chain VFA to medium JN gave better growth than on medium JN alone, and in one case growth was as good as on media JAN and B. However, strain 24, which was very severely retarded and partially inhibited by the addition of branchedchain VFA, still grew poorer after the further addition of straight-chain acids than it did on medium JN alone. Addition of straight-chain acids alone to media JN and JA stimulated and/or increased the peak extinction in most cases, whereas supplementation of medium JAN with straight-chain VFA had no effect on growth. The inhibitory effect of an addition of a single group of nutrients was also found with purines and pyrimidines which, when added to medium JN, were retardatory and/or slightly inhibitory. Conversely, when added to medium JA they were generally stimulatory. They also partially reversed the retardatory effects of branched-chain VFA added to media JN and JA, but were less effective than the straight-chain VFA.
No combination of purines and pyrimidines, straight-chain VFA and branched-chain VFA, added to media JN, JA or JAN, gave better growth than medium JAN alone. This medium is thus the best defined medium found in the present study for the growth of group I butyrivibrios.
Group 2 butyrivibrios. The three group 2 strains tested (CE49, C~6 0 and ~~7 8 ) differed far more from one another than did the group I strains in their growth responses on the various media. They also grew to a lower density on the basal rumen-fluid/(NH,),SO, medium (medium B) than did the strains of group I , the maximum extinction being less than 0.5 for strain c~4 9
and between 1.0 and 1-5 for strains ~~6 0 and ~~7 8 . These densities were reached within 24 h of incubation. Like the group I isolates, they required only vitamins and either (NH&S04 or amino acids in addition to the basal mixture. Two of the strains grew as well on medium JAN as on medium B, but the third grew more slowly on the defined medium, reaching maximum density only after 5 days.
Growth response to various combinations of VFA The basal medium for this part of the investigation contained all the nutrients listed in Table I , except straight-chain and branched-chain amino acids. The latter were omitted since they might mask a response to branched-chain VFA which would have been missed in the earlier part of the work where the complete mixture of amino acids was either included in, or omitted from, the medium. The growth response of the group I and group 2 butyrivibrio strains to the basal medium was compared with that to the basal medium plus propionate alone and propionate plus all possible combinations of acetate, iso-butyrate, 2-methyl butyrate, iso-valerate and valerate. Each strain was tested at least twice on the 33 media. In most cases the duplicate runs gave identical results both with regard to the maximum growth attained and the time taken to reach this. Where this was not the case tests were repeated.
Group I butyrivibrios. As was the case with their general nutrient requirements, the group I butyrivibrios were remarkably homogeneous in their response to different combinations of VFA. The most striking finding was the unexpected response to propionate which alone was inhibitory to one strain (strain IS), retardatory to 19 strains and had no effect on the remaining seven strains tested. Acetate completely overcame the inhibitory or retardatory effects of propionate, and in fact gave more rapid growth than the basal medium alone. The effect of the branched-chain VFA and valerate, as a group, was not quite so clear-cut.
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For strain 18 they were retardatory. They were generally retardatory for those strains on which propionate had no effect and were generally stimulatory for those strains on which propionate had a retardatory effect. There were only slight differences between the strains when different combinations of the branched-chain VFA and valerate were provided.
Group 2 butyrivibrios. The group 2 butyrivibrios were a far more heterogeneous group than group I, and differed markedly from them in their response to the various media tested. They grew in the absence of VFA, but much more slowly than group I, and never attained the same peak extinctions. A major difference between them and group I was that propionate alone was generally stimulatory. The effect of acetate in media containing propionate, but none of the branched-chain VFA or valerate, was variable, ranging fkom complete inhibition in the case of strain ~~6 6 , to stimulation plus an increase in the final population density with strain I I. None of the branched-chain VFA or valerate showed any marked effect, except for strains c~6 5 and ~~6 6 , where 2-methyl butyrate was essential in the presence of the other branched-chain acids and valerate. There were more interactions between combinations of branched-chain VFA than in the group I butyrivibrios, but no definite patterns emerged.
Growth of other cellulolytic rumen organisms
Since one of the aims of this work was to develop a chemically defined medium for the cultivation of as many species of cellulolytic rumen bacteria as possible, the complete medium (Table I) was also tested with other cellulolytic bacteria isolated in this laboratory.
Ruminococcus albus and Cillobacterium cellulosolvens grew very well but R. jlavefaciens and atypical ruminococci failed to grow. The cause of this failure is being investigated. Bacteroides succinogenes was not tested, but in view of the known nutritional requirements of this organism (Bryant & Doetsch, 1955; Bryant, Robinson & Chu, I959) , it should grow well on the medium described in Table I , with the addition of n-valeric acid.
DISCUSSION
The idea of developing a balanced, chemically defined medium to permit the growth of all cellulolytic rumen bacteria has been moderately successful, and it is now possible to grow most of the cellulolytic organisms, with the exception of Ruminococcusjlavefaciens, on the same defined medium.
Our results show that the butyrivibrios have no requirement for VFA in general and the branched-chain VFA in particular. In fact the latter are frequently retardatory. This is in complete contrast to the ruminococci where one or more branched-chain VFA are essential (Bryant & Doetsch, 1955; Allison, Bryant & Doetsch, 1962) . This lack of a requirement for the branched-chain acids provides an explanation for the predominance of Butyrivibrio in the rumen of sheep fed low-protein diets.
The stimulatory effect of acetate on the group I butyrivibrios suggests that glycolysis is the rate-limiting step for biosynthesis in the early stages of growth. This is supported by the finding of Kistner & Kotze (1973) of very low activities of phosphofructokinase and pyruvate kinase in extracts of strain C E~I . Van Gylswyk (unpublished data) has also demonstrated pyruvate synthase activity in toluene-treated cells of strain 12. In the case of the group 2 strains, acetate was generally non-stimulatory. However, no enzyme studies have been carried out to explain this.
The retardatory effect of propionate on the group I butyrivibrios may be due to competition, in the early stages of growth, for CoA between the excess of propionate supplied and
